Novel bifunctional acid-base monolayered hybrid catalysts (MLHMs), based on associated individual (organo)aluminosilicate sheets with amino and sulfonic pending groups located in the interlayer space, have been successfully prepared by direct alkaline hydrothermal synthesis and evaluated in consecutive catalytic transformations. Different characterization techniques such as chemical and thermogravimetrical analyses, X-ray diffraction, TEM microscopy, nuclear magnetic resonance (NMR), temperature programmed desorption of CO 2 and NH 3 (TPD), and textural measurements were used to show physico-chemical and structural nature of the materials, evidencing their effectivity as functional acid, base and acid-base catalysts for different one-pot two-step tandem reactions, which were performed in presence of only one active and recoverable lamellar-type hybrid solid catalyst.
Introduction
The capacity to keep the high reactivity of soluble organocatalysts, being reused during successive reaction cycles, has been achieved through the structural inclusion of modified organic functions or precursors in specific positions of stable and robust inorganic porous networks. 1, 2 This goal has partially been achieved in the last decade with the generation of novel families of organicinorganic hybrid materials that contain different active functions in their frameworks, being developed authentic multi-functional hybrid catalysts. 3 The possibility to isolate and heterogenize, into the inorganic matrixes, chiral, base, acid and/or redox centers, separated at controlled molecular distances, to perform in one-pot consecutive or cascade reactions is still in clear growth in materials science field. [4] [5] [6] Important advances has recently been carried out with the preparation of novel multi-functional organosiliceous materials or metalorganic structures capable to perform multi-component chiral reactions or multi-step processes catalyzed by only one recoverable hybrid solid catalyst in one-pot catalytic pathway. 7 However, in the majority of the cases, long reaction times, associated leaching phenomenon and low yield and stereoselectivity are observed. The random distribution of the different heterogenized organic functions, together with the intrinsic inorganic active sites present in the framework, would be the main reason to explain the reactivity and selectivity decrease, more often detected when multi-functional hybrid materials are used as catalysts for cascade or consecutive reactions. 8, 9 This important drawback should be mitigated through two possible approaches: (i) design and preparation of specific organic-inorganic precursors where the different functions will be prelocated and pre-stabilized before their incorporation into the porous network, 2 and (ii) use of optimized syntheses processes that allow controlling the final location of active functions in the structure. 10 Taking in account the first approach, sophisticated and costly organosilanes, bridged silsesquioxanes or specific organic linkers have been prepared to obtain multi-functional organosilicon mesoporous materials, 11 organozeolites, 12 metalorganic frameworks 13 and coordination polymers. 14 It is the case of the urea based-cinchona silyl derivatives, used to generate novel families of multi-site chiral mesoporous organosilica materials, active to promote asymmetric multi-component reactions. 15 In addition, the preparation of periodic mesoporous organosilicas (PMOs) based on chiral BINAP or quinuclidine silyl active builder units are examples of efficient hybrid catalysts structured from specific silsesquioxanes or disilane precursors, with different functions located in their organic bridges between terminal siloxane groups. 16 Another approach to prepare multi-functional organic-inorganic materials, controlling the specific position where active sites are situated in the network, come from the use of suitable synthesis' methodologies. 17 In fact, optimized sol-gel, 18 micellar, 19 solvothermal 20 or hydrothermal routes 21 have been used to synthesize hybrid materials through the in-situ formation and assembly of individual structural builders, such as metallic clusters or nodes, 22 organometallic complexes, 23 organosilicon tetrahedron, 24 organic linkers or ligands 25 and nanosheets, 26, 27 among the most habitual in hybrid materials. However, in most cases, only one active site is finally located into the framework accessible to reactants, being frequently necessary additional post-synthesis treatments to incorporate further functions in the hybrid materials in specific positions. 28, 29 Successive anchoring or tethering processes in delaminated zeolites or metalorganic frameworks (MOFs), as well as long swelling and pillarization processes carried out on previously synthesized lamellar precursors confirm this fact. 30, 31 Recently, optimized solvothermal and hydrothermal synthesis processes in presence of specific organic dual templates or linkers have allowed the direct preparation, in only one-step synthesis process, of individual zeolitic or metalorganic nanosheets capable to lodge different active functions into their framework. 32 In this latter case, the organic templates or linkers should act as structure directing agents and as 3D growth inhibitors, providing additional active functions to final formed hybrid nanolayers. 33 Also, in the last years, hydrothermal synthesis routes in presence of active bridged silsesquioxanes and aluminum-rich alkaline media have allowed the direct preparation of novel families of layered hybrid materials (ECS and LHM type solids), in only one synthesis step, based on inorganic layers covalently connected through organic active pillars placed in the interlayer region to generate catalysts useful for C-C bond forming processes. 34, 35 Taking this into account, we have now prepared functional acid-base hybrid materials (MHLMs) based on associated individual (organo)aluminosilicate layers through direct hydrothermal synthesis processes in presence of aluminum-rich alkaline media and two combined types of organosiloxane precursors. The result has been the formation of isolated aluminosilicate sheets with amino and/or sulfonic groups homogeneously distributed along their external surface, located between the individual layers. The polar interaction between the individual hybrid nanolayers, through pending groups, facilitates the association of them to generate stable and ordered like lamellar hybrid materials. The solids were characterized through different suitable characterization techniques such as chemical and thermogravimetrical analyses, X-ray diffraction, TEM microscopy, nuclear magnetic resonance (NMR), temperature programmed desorption of CO 2 and NH 3 (TPD), and textural measurements, being effective as functional acid, base and acid-base catalysts for different one-pot two-step tandem reactions based on C-C bond forming processes, performed in presence of only one active and recoverable lamellar-type hybrid solid catalyst.
Experimental

Reagents
Monolayered hybrid materials (MLHM) were synthesized using triethoxymethylsilane were used as swelling agents.
Synthesis of Monolayered Hybrid Materials (MLHM)
x-MLHM-NH 2 and x-MLHM-NH 3
+
The synthesis gel was prepared by addition of organosilicon, TEMS and APTMS, precursors
to an aqueous solution of sodium aluminate (NaAlO 2 ) and NaOH, achieving the following molar ratios: Si/Al=1.02, Na/Si=1.28, NaOH/Si=0.18 and H 2 O/Si=13. Samples were prepared using different The resulting slurry was homogenized through continuous stirring at room temperature until gelification, which depends on the different percentage of organosilicon precursors in the mixture. Then, it was introduced into a stainless steel autoclave and heated at 135 ºC for 9 days under autogenous pressure and static conditions. After cooling up to room temperature, the solid was isolated, washed with distilled water and dried overnight at 60 ºC, obtaining the samples named x-MLHM-NH 2 .
x-MLHM-NH 3 + samples were obtained from x-MLHM-NH 2 materials by stirring with acid ethanolic solution (0.02 M H 2 SO 4 ) for 24 h at room temperature. Thus, x-MLHM-NH 2 samples were protonated (amino groups) with the objective to study the influence of formed ammonium groups in their performance as base catalyst. Protonated-amino hybrid materials were recovered, filtrated, washed with ethanol and dried overnight at 60 ºC.
x-MLHM-SH and x-MLHM-SO 3 H
The followed methodology to obtain x-MLHM-SH was the same above described for x- based on Si contribution were considered. The acid oxidation post-synthesis processes to obtain amino-sulfonic-bifunctional hybrid material (x-MLHM-NH 2 -SO 3 H) was the same above described.
Characterization Techniques
XRD analysis was carried out with a Philips X'PERT diffractometer equipped with a proportional detector and a secondary graphite monochromator. Si spectra were acquired at 79.5
MHz with a 7 mm Bruker BL-7 probe, using pulses of 3. C spectra were recorded with a 7 mm Bruker BL-7 probe and at a sample spinning rate of 5 kHz.
13
C and 29 Si were referred to adamantine and tetramethylsilane, respectively.
Liquid state 13 C NMR spectra were recorded at 75 MHz using a Bruker AMX300 instrument, whilst 29 Si NMR spectra were recorded at 60 MHz. Chemical shifts are quoted in ppm and are referenced to the appropriate residual solvent peak.
Catalytic tests
Catalyst tests were carried out in a closed conic vessel under nitrogen atmosphere and continuous magnetic stirring.
Base catalysis
Knoevenagel condensations
-Ethyl 2-benzylideneacetoacetate: A mixture of benzaldehyde (2.0 mmol) and ethyl acetoacetate (2.0 mmol) at 80 ºC, under an inert atmosphere (N 2 ), was magnetically stirred, and 10 mol% of N, present in the solid catalyst, were added. 1 mL of acetonitrile was used as solvent.
- In the catalytic tests, the reaction was monitored by taking periodically samples, the evolution, being followed by Gas Chromatography (GC) equipped with a HP-5 column (30m x 0.25mm x 0.25μm) or HP innowax column (60m x 0.32mm x 0.25μm) and a FID as detector. When samples were analyzed by the GC, the quantification of the reaction components was done by relating the peak surface areas to known concentrations for each component. Thus, the values of the areas for each component were represented versus the concentration, obtaining a straight line Area= f(Concentration). From these calibration curves, it was possible to calculate the concentration for the samples taken in the catalytic experiments. Therefore, from GC data and calibration curves, conversions (%X), yields (Y%) and selectivities (%S) values were established:
Furthermore, no pre-treatments were performed with the solid catalysts before catalytic tests. When catalyst reuses were carried out, the solid was filtered and thoroughly washed with ethanol after each run and then dried at 60ºC for 12 h.
Results and Discussion
Synthesis and characterization
Usually, synthesis slurries preparation in alkaline media with high aluminum presence together with the use of silicon precursors containing reactive terminal siloxane groups, facilitates the production of stable microporous silica-aluminas with low Si/Al molar ratios. 39 This fact was also detected in the lamellar materials here studied, which were formed by ordered organic exhibited by inorganic layers, such as makatite-type, which are the base of well-known inorganic lamellar silicates as magadiite or kenyaite 40, 41 and silicoaluminates prepared from synthesis gels with high aluminum presence. 42 So, these thin monolayers detected in the materials here considered, would be structured by strong covalent connection between organosilicon and aluminum tetrahedra, generating intralayer six member rings (6MR) which would be located along the plane bc of the organic-inorganic sheets, such as it was previously described for ECS and LHMtype 34, 35 materials.
The solids obtained using propylamine precursor (x-MLHM-NH 2 ) exhibited diffraction patterns with a progressive increase in the basal distance towards lower 2θ angles due to the larger molecular length of the APTMS ( Figure S1 ). When the hybrid material was synthesized with 100% APTMS as silicon source (100-MLHM-NH 2 , Figure S1f ), the diffraction pattern showed that the organic-inorganic sheets were separated by ~10.2 Å. Therefore, if it is assumed that the inorganic layers' thickness is around 5.4 Å and considering that the molecular length of the pending amino groups from APTMS is ~ 6.1 Å, it can be deduced that a slight flexion of aminogroups has taken place in the interlayer space, which possibly is due to attractive weak interactions among two consecutive monolayers, due to presence of polar pending groups.
Similar tendencies to lower 2θ angles were observed in the diffractograms when mol fraction of MPTMS was increased during the synthesis (x-MLHM-MPTMS), compared with basal space observed for 100-MLHM-TEMS material ( Figure S2 ). In the case that only MPTMS was used as silicon precursor, basal space increased until ~ 13.6 Å ( Figure S2f ). Hence, considering the thickness of nanosheets (5.4 Å), the interlamellar space occupied by propylthiol groups from monosilane precursor correspond to 8.2 Å, which is close to the molecular length of the organic fragment.
However, the exact molecular length of the MPTMS is 6.5 Å, and probably inherent versatility of lamellar materials together with the presence of interlamellar solvent molecules could be the reason of a larger separation between individual layers. Similarity, the diffractograms of x-MLHM-NH 2 -SH materials exhibited an increase of (100) basal space, when the presence of amino and thiol organic fragments was rising in the synthesis gel, up to ~ 13.0 Å for 50-MLHM-NH 2 -SH material ( Figure 2 ). In general, the results would imply the existence of ordered organic silicoaluminate sheets, placed perpendicularly to axis a and separated by homogeneously distributed pending organic moieties from monosilanes used as organosilicon monomer precursors, which are situated in the interlayer region.
When oxidation post-synthesis process was carried out in order to convert thiol groups in sulfonic acidic moieties for x-MLHM-SH and x-MLHM-NH 2 -SH samples (named x-MLHM-SO 3 H and x-MLHM-NH 2 -SO 3 H), the diffraction patterns of the samples obtained ( Figure S3 and Figure S4 ) were similar to as-made samples. Thus, acid process produced neither a marked shifting nor a decrease in the intensity of the (100) diffraction band, indicating that the lamellar organization and structuration are preserved after the oxidation of the thiol groups. However, oxidized samples showed a slight higher basal space, since molecular length for sulfonic acid is a little larger than thiol monosilane (Figure 1a ).
It is important to point out that, in all diffractograms, it is observed (0kl) diffraction bands at higher 2θ angles than 12º that are not entailed to the lamellar order, this fact being detected in this type of hybrid materials. This result shows that the utilization of several organosilicon precursors or their combined use facilitates the crystallization of (organo)aluminosilicate layers with similar thicknesses and structure, and only slight modifications occurs during the hydrothermal alkaline synthesis. These common bands confirm that the structural integrity of MLHM materials was preserved despite wide variety of compositions used in the synthesis slurry and the performed post-synthesis oxidation processes. However, the low intensity of (0kl) diffraction peaks, associated to the network of the individual layers in the bc plane, especially when thiol/sulfonic groups were involved, would be illustrative of the low crystallinity attained in this type of organic silicoaluminate sheets, being this also detected in standard lamellar silicates, such as magadiite, kenyaite or illerite 43 , or in previously described ECS and LHM-type silicoaluminates. 35, 44 The layered organization of the hybrid solids here prepared was also analyzed and corroborated by means of swelling with surfactants of different molecular length, such as C 12 TMABr, C 16 TMAOH and C 18 TMABr (Figure 1c ), being possible to confirm this morphological spatial swelled organization by XRD. Figure S5 shows several swollen MLHM-type materials from above mentioned swelling agents, being detected that when molecular length of the surfactants increased, (100) basal space showed by swollen materials also was consequently higher.
Transmission electronic microscopy (TEM) was used to visualize the lamellar morphology of the MLHM monolayered hybrid materials ( Figure 3 ). The hybrid materials synthesized in presence of only TEMS (100-MLHM-TEMS) were composed of nanosheets forming a plate-like hierarchical structure (Figure 3a) , characteristic of conventional lamellar materials, such as layered double hydroxides (LDHs) 45 or lamellar zeolitic precursors 46 , the detected layered stacking being different in each crystal. Specifically, single organo silicoaluminate sheets were identified and the interlayer distance between two consecutive organic-inorganic nanosheets, separated by organic pending moieties, was observed ( Figure 3b ). When thiol and/or amino groups were involved in the synthesis, hybrids materials were also formed by individual crystals with similar plate-type morphology (Figure 3c-f and Figure S6 ).
The composition of the different as-made monolayered hybrid materials (MLHM) was followed by means of chemical analysis (Tables S1, S2 and S3) . The results obtained show that organic fragments were present in the solid hybrids obtained from organosiloxane monomers.
Specifically, in the solids prepared using APTMS and TEMS as organosilane precursors, x-MLHM-NH 2 (Table S1 ), when the amount of moles from APTMS was increasing during the synthesis process respect total SiO 2 moles, the nitrogen content was also increased. Therefore, the nitrogen content obtained in each sample would be indicative of the incorporation of amino-silyl groups forming the structure of the materials, even if APTMS was used as only organosilicon precursor. It is remarkable that the experimental C/N molar ratios obtained for these solids were close to theoretical C/N molar ratio, which depends on their composition in the synthesis gel. This fact would indicate that the organosilicon precursors (APTMS) were preserved during the hydrothermal synthesis process.
In the case of x-MLHM-SH materials, the chemical analysis also showed an increasing in sulfur content when the amount of MPTMS precursor was growing in the synthesis gel (Table S2) .
However, in these materials, when the percentage of MPTMS was inferior to 30% respect total SiO 2 moles, the experimental C/S molar ratios obtained for these materials were far to theoretical C/S molar ratio, due to a lower incorporation of MPTMS in the framework of the hybrid materials.
Finally, hybrid solids obtained from the combination of APTMS, MPTMS and TEMS as organosilicon precursors, x-MLHM-NH 2 -SH (Table S3) , showed similar experimental and theoretical C/N and C/S molar ratios, especially for aminosilyl precursor, such as it was above described for x-MLHM-NH 2 materials. Therefore, from the data obtained through the organic content, it was possible to confirm that, in general, organosilane precursors, used during the synthesis process, were finally incorporated into the framework of the hybrid materials. Thus, these results showed the high effectiveness of the one-pot hydrothermal synthesis to incorporate organic structural fragments during the synthesis of the monolayered hybrid materials.
When oxidation treatments were performed in order to convert thiol groups in acid sites for x-MLHM-SH and x-MLHM-NH 2 -SH materials, the chemical composition remained practically invariable, confirming that the nature of the organic-inorganic materials after the acid postsynthesis processes was maintained (Tables S4 and S5 ). This was also confirmed from X-ray diffractograms of the acid materials, such as it was previously commented ( Figures S3 and S4 ). observed, not being all thiol groups oxidized to sulfonic acids during oxidation process. On the other hand, an additional band assigned to nitro groups was observed at ~ 65 ppm (Figure 4f ), which would be consequence of the oxidation of amino groups from APTMS, due to strong acid conditions used during the oxidation treatment ( Figure S8 ). The rest of the chemical shifts associated to carbon atoms of the pending groups remaining without changing.
From the 13 C CP/MAS NMR chemical shifts, we were able to confirm that organic units preserved their integrity after the one-pot hydrothermal process. Then, by means of 29 Si MAS NMR, we corroborated that the organic fragments not only remained unbroken but were also introduced covalently into the layered network, being connected to tetrahedral silica units and placed between consecutive layers in the interlayer region. Figure 5 shows the 29 Si BD/MAS NMR spectra of different organic-inorganic layered materials prepared starting from several organosilane precursors. In all cases, characteristic bands located from -60 ppm to -80 ppm, due to T-type silicon species containing Si-C bond, were identified. However, the broadness of the main band due to T silicon atoms (C-Si(OH) x (OAl) 3-x , x=0-2), does not allow to distinguish separately individual T 1 , T 2 and T 3 silicon species, except for 100-LHM-TEMS sample, which present one sharp band assigned to T 1 silicon species and other clearly broader associated to T 2 and T 3 units. These results would be indicative that, in this latter case, the poly-condensation of organosilicon monomers could not be complete, being detectable the existence of several silanol groups on the external surface of the silicoaluminate sheets, associated with the defects generation in the structure.
It is remarkable the absence of Q-type silicon atoms in the synthetized hybrid materials, assigned to tetrahedral silicon species included in highly siliceous materials. This confirms that cleavage of Si-C bond does not exist during the direct alkaline hydrothermal synthesis route and neither after acid oxidation carried out in order to convert thiol groups in sulfonic acid units.
Additional confirmation of the integration of organic moieties into the lamellar hybrid solids by bonding to inorganic units, come from 29 Si NMR spectra of pure organosilane starting monomers (APTMS, MPTMS and TEMS). Frequently, the pure organic-inorganic monomers present only one chemical shift due to silicon atoms focused between -40 ppm and -60 ppm (T-type), in function of the pending organic group (propylamino at ~-45.7 ppm, propylthiol at ~-42.5 ppm and methyl groups at ~-43.5 ppm). When these organic fragments are finally connected to the framework in the hybrid layered material, the chemical shift assigned to silicon atoms linked to carbon units goes from -60 ppm --80 ppm. This fact confirms the effective introduction of organic fragments into the final lamellar hybrid solids (see scheme in Figure 5 ).
Textural properties
Nitrogen adsorption isotherms of the monolayered hybrid materials (MLHM) showed standard type II isotherms, assigned to solids with reduced porosity ( Figure S9 ). For this, the hybrid solids exhibited a BET specific surface area close to 100 m .
In these lamellar materials, the high concentration of organic fragments situated in the interlayer region does not favor the generation of porous cavities with elevated dimensions between the inorganic layers, which could to be the reason of the reduced specific surface area of the lamellar hybrid solids here prepared. Furthermore, the marked hydrophobic character of the MLHM materials difficult the optimal gas adsorption between the monolayers. On the other hand, intracrystalline porosity, delimited by pores of six member rings (6MRs), structuring each single silicoalumina sheet 34, 44 , is not detectable from gases adsorption measurements. So, these factors hinder the correct estimation of textural properties related with the hybrid lamellar solids, being difficult to calculate the exact pore size distributions.
Valorization of base and acid sites
The presence of base sites located in the interlayer space due to pending amino groups from APTMS, which was used as organosilicon precursor for 30-MLHM-NH 2 and 30-MLHM-NH 2 -SO 3 H samples, was determined by means of the desorbed CO 2 by thermoprogrammed desorption technique (TPD) ( Figure S10 ). Specifically, both samples showed a common CO 2 , since some nitro species were formed after acid oxidation treatment, such as was confirmed from NMR spectra (Figure 4f ).
Additionally, by means of the desorbed ammonia by TPD technique, it was possible to estimate the presence of acid sites located in the interlayer space due to pending sulfonic groups, because of thiol groups oxidation from MPTMS used as organosilicon precursor during the hydrothermal synthesis ( Figure 6 ). Specifically, all samples have a common ammonia desorption
band, approximately at 300-500ºC (marked as range 2 in Figure 6 ), associated to ammonia molecules that interact with the tetrahedral aluminum present in the organic-inorganic sheets, forming part of the framework. Furthermore, the oxidized samples, 30-MLHM-SO 3 H and 30-MLHM-NH 2 -SO 3 H, showed a specific desorption ammonia band at higher temperature, around 500-700ºC, assigned to sulfonic groups, emphasizing the high strength of this type of acid sites (range 3 in Figure 6 ). On the other hand, another band with lower intensity is also observed, at approximately 200ºC, probably due to slight contribution of weak acid sites assigned to ammonia molecules interacting with surface silanol groups, mainly as a consequence of the formation of the defects after the oxidation treatment (range 1 in Figure 6 ). Definitively, the characterization data obtained from TPD analyses, which are summarized in Table S6 , clearly corroborate the possibility to obtain well-defined monolayered hybrid materials with accessible pending base and acid sites located between two contiguous individual nanosheets.
Catalytic activity
Base catalysis
With the objective to investigate the accessibility to the reactants and the reactivity of x-MLHM-NH 2 hybrid materials as base catalysts, containing pending interlayered propylamino moieties, their catalytic performance was tested through the condensation of carbonyl compounds with active methylenic substrates, in reactions such as Knoevenagel and Henry, which implies an key tool in organic chemistry for C-C bond formation and for the synthesis of substituted alkenes products. These latter are of interest as end-products and intermediates for the production of fine chemicals and commodities, such as perfumes, pharmaceuticals and polymers, [47] [48] [49] [50] [51] thanks to their properties as enzyme inhibitors, antitumor, anti-inflammatory and antibacterial agents.
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Knoevenagel Condensation
This condensation reaction can be catalyzed by strong and weak base active sites depending on the level of activation of the substrate containing methylenic activated groups. The kinetic of the Knoevenagel reaction is generally considered to be first order with respect to each reactant and the catalyst. [48] [49] [50] [51] 56 In this work, the reactions between benzaldehyde and different activated methylene groups with increasing pK a values, 11 and 13, corresponding to ethylacetoacetate and diethyl malonate, respectively (Scheme 1), were carried out to estimate the level of basicity achieved within these MLHM materials. In Figure 7 , it can be observed that the ethyl 2-benzylidene acetoacetate was successfully performed in presence of 30-MLHM-NH 2 and 50-MLHM-NH 2 , which produced a similar yield of 86% after 7 h of reaction time. However, when the reaction was performed with 100-MLHM-NH 2 , that contained the highest amino groups loading, the yield was only 61% after 7 h of reaction time. The low crystallinity and homogeneity level achieved in the framework due to the excess of organic moieties located in the interlayer region ( Figure S1f) and consequently, hindering the access to the reactants, together with an decreasing in the strength of the base sites due to the high number of active sites, 57, 58 can be responsible for the lower activity of 100-MLHM-NH 2 in this test reaction. On the other hand, 100-MLHM-TEMS, which does not contain amino pending groups, only methyl groups, hardly produced a 0.6% of yield in the same reaction time. Furthermore, it was confirmed that cationic sodium species, which act as compensators of the negative charge due to aluminum tetrahedral coordinated into the framework of organic layers, did not exhibit base catalytic activity. The turnover frequencies calculated after 1 h, initial rates and kinetic constants are reported in Table S7 , being observable that the catalytic performance of x-MLHM-NH 2 -type materials is comparable with a known active base mesoporous hybrid materials containing strong guanidine proton sponges, 59 which acted as functional building blocks. Therefore, it can be concluded that 50% APTMS was the optimum percentage of moles silanes employed during the synthesis respect total SiO 2 moles, to obtain the most active catalyst to carry out this base condensation reaction.
Since the best performance in the prior Knoevenagel condensation was carried out by 30-MLHM-NH 2 and 50-MLHM-NH 2 materials, these base hybrid materials were studied in the diethyl malonate condensation, which involves more demanding methylenic reagents. In this case, diethyl 2-benzylidenemalonate was successful obtained for both hybrid materials with a yield of ~ 80% after 30 h of reaction time ( Figure S11 ).
Henry reaction
x-MLHM-NH 2 hybrid materials were evaluated in Henry reaction, a condensation reaction of nitroalkanes with carbonyl compounds to produce nitroalkenes (Scheme 2), which are interesting for the synthesis of pharmaceutical products. 60, 61 However, the selective formation of nitroalkene (2), using conventional strong bases, is difficult to achieve since the conjugate addition of the nitroalkane to the C-C double bond of the nitroalkene facilitates the formation of bis-nitro compounds, favoring low yields associated to dimerization or polymerization processes (product 3, Scheme 2).
62-64
The Henry reaction between benzaldehyde and nitromethane (pKa = 10.2) was performed with the hybrid materials which reached the highest yields for Knoevenagel condensations, 30-MLHM-NH 2 and 50-MLHM-NH 2 . Moreover, 100-MLHM-TEMS, which did not contain pending amino groups, was also used to study the catalytic influence due to the absence of base units into the framework. From the yields of nitrostyrene (2) reported in Figure 8 , it is observed that the 50-MLHM-NH 2 material exhibited the best catalytic performance, reaching 98% of yield and 99% selectivity towards desired product 2 (nitrostyrene) after 3 h. In this reaction, 30-MLHM-NH 2 showed lower initial catalytic activity, achieving yields of 97% after 5h of reaction time. Such as it was expected, 100-MLHM-TEMS did not show any activity in the nitrostyrene´s production.
Similarly to previous Knoevenagel condensations, turnover frequencies calculated after 2 h, initial rates and kinetic constants are reported in Table S8 , being confirmed that 50-MLHM-NH 2 catalyst exhibited catalytic activity similar to known base mesoporous hybrid materials containing in the framework guanidine proton sponge moieties taken as reference solid organic-inorganic catalysts. 59 Eventually, from these results, it is confirmed that pending propylamino groups included in the lamellar hybrid solids are accessible to reactants and active to catalyze processes where relatively strong base sites are necessary. In particular, 50-MLHM-NH 2 material showed the best performance as heterogeneous base catalyst in this type of reactions for C-C bond formation.
Acid catalysis
Acetalization of benzaldehyde with methanol
Formation of acetals is one of the most important protecting methods for carbonyl compounds 65 , and a large of amount of synthetic work has been done on the protection of the carbonyl group. Acetals are important in carbohydrate 66 and steroid chemistry. 67, 68 Furthermore, in the pharmaceutical, 69 phytopharmaceutical, fragance 70 and lacquer industries, acetals are used both as intermediates and as final products. The most general method for the synthesis of acetals is by means of the reaction of carbonyl compounds with an alcohol or an ortho ester in the presence of acid catalysts.
In this study, the results obtained on acetalization of benzaldehyde with methanol to 1,1-dimethoxytoluene (Scheme 3), catalyzed by x-MLHM-SO 3 H as acid heterogeneous catalyst, are presented in Figure 9 . It was found that 100-MLHM-SO 3 H showed the best catalytic activity, which resulted in a yield of 80% after 24h of reaction. It was also observed that, 50-MLHM-SO 3 H and 30-MLHM-SO 3 H, with less than half of thiol groups respect to 100-MLHM-SO 3 H, produced conversions slightly lower to desired product, reaching values around 77% and 66% after 24 h of reaction, respectively. On the other hand, in absence of sulfonic groups, i.e, when 100-MLHM-TEMS hybrid material and blank experiment were studied, the desired product was obtained with inferior yields to 3%. These results show that the x-MLHM-SO 3 H hybrid catalysts can act as effective acid catalysts for aldehydes acetalization, although not all thiol groups were oxidized to sulfonic groups, such as it is observed by 13 C CP/MAS NMR spectrum of 30-MLHM-SO 3 H catalyst (Figure 4d) , where a mixture between pending sulfonic and thiol groups, due to an incomplete oxidation, are detected.
One-pot tandem cascade reaction
Deacetalization-Knoevenagel condensation
The use of only one solid catalyst that contains different active functions to catalyse the individual reaction steps of tandem, consecutive or cascade reactions, avoiding the isolation of intermediate products, their purification and solvent removal, should favour the development of more sustainable chemical processes, saving energy and increasing the global efficiency. 71 In this case, the bifunctional acid-base hybrid catalysts (x-MLHM-NH 2 -SO 3 H), here studied, were studied in a one-pot two-step reaction that involved an acetal hydrolysis followed by Knoevenagel condensation (Scheme 4). Catalytic experiments were carried out to investigate how the acid and base functionalities of the hybrid materials cooperate positively between them. The first step is the deacetalization of the benzaldehyde dimethylacetal (1) to benzaldehyde (2), which, in second step, reacts with ethyl cyanoacetate (3) to give the final product, ethylcyanocinnamate (4). In Figure 10 (a, b and c) the catalytic activity of the different bifunctional hybrid catalysts is reported, where the evolution for each reagent during the tandem reaction is shown. From the results, it is observed that 30-MLHM-NH 2 -SO 3 H hybrid material performed successfully the one-pot two-step reaction, obtaining a yield of 92% of the final product with 98% selectivity, after 18 h of reaction time. However, 50-MLHM-NH 2 -SO 3 H and 15-MLHM-NH 2 -SO 3 H hardly reached yields to the final product close to 25% in the same reaction time, where the second step (Knoevenagel condensation) was evidenced as limit step, since for these two solid catalysts, a slow transformation from intermediate benzaldehyde to final product (4) was observed ( Figure 10b ).
Therefore, it is concluded that the optimal percentage of silane moles in the synthesis gel for each monosilane precursor is 30% APTMS, 30% MPTMS and 40% TEMS, to obtain the most active MLHM catalyst for this type of tandem reaction, which is probably due to insufficient amount of active acid and base sites of 15-MLHM-NH 2 -SO 3 H and an excess of organic moieties in the interlayer space that hampers the accessibility to the reactants, in the case of 50-MLHM-NH 2 -SO 3 H.
In order to confirm the synergistic cooperation from acid and basic functionalities, the same one-pot reaction was performed with others hybrid materials which only contained an unique functionality in the framework (Table 1) When only amino groups were involved in the tandem reaction (Table 1 , entry 2), using 30-MLHM-NH 2 hybrid material, deacetalization did not occur, since acid sites are necessary to produce benzaldehyde. Thus, conversion of the starting reagent barely was 2.7%, and the final product only was produced with 1.2% yield. Low conversions were also obtained when protonated amino groups were used as catalyst for the tandem reaction (30-MLHM-NH 3 + ), which allowed to study the catalytic reactivity of pending protonated amine groups. In this case ( to be used as active acid-base catalysts for one-pot two-step tandem processes.
Catalyst recyclability
Catalyst deactivation and reusability was studied with the acid-base bifunctional 30-MLHM-NH 2 -SO 3 H catalyst in the one-pot cascade reaction of deacetalization-Knoevenagel condensation, which was already above described ( Figure 10 ), during 5 successive uses ( Figure S12 ). After each experiment, the catalyst was filtered with ethanol, dried at 60ºC and reused. The results confirmed that the hybrid catalyst is recycled, being only observable a slight loss in activity after five consecutive catalytic uses.
XRD pattern ( Figure S13 ), 13 C CP/MAS NMR spectrum ( Figure S14 ) and elemental analysis of the used 30-MLHM-NH 2 -SO 3 H catalyst confirmed the stability and integrity of the lamellar organicinorganic framework after five catalytic cycles. Specially, in Figure S13 , it is observed that the first (100) diffraction band characteristic of ordered lamellar materials was still present after five consecutive catalytic performances, verifying that the lamellar morphology was preserved.
Moreover, chemical shifts obtained by 13 C CP/MAS NMR spectroscopy for the organic-inorganic hybrid material, after being employed as reusable acid-base catalyst, are shown in Figure S14 . Both samples (fresh and reused catalyst) displayed similar spectra, confirming the preservation of the organic fragments present in the material after several catalytic cycles. However, reused 30-MLHM-NH 2 -SO 3 H material showed additional bands associated to the adsorbed final product (4) of the one-pot tandem reaction (see inset in Figure S14 ), confirming that some molecules of this product was adsorbed over the hybrid material.
Moreover, to verify the heterogeneous catalytic character of 30-MLHM-NH 2 -SO 3 H solid, a leaching test was performed in the tandem cascade reaction. So, when reaction time was 3 h, solid catalyst was filtered from the reaction mixture and the reaction in absence of solid catalyst was continued. After 15 h, the product formation was hardly increased, just from 32.5% to 36.5% of yield ( Figure S15 ). Hence, it can be concluded that the catalysis occurs in solid phase and leaching effect of active species from solid catalyst to liquid reaction medium is not observed.
Thus, the catalytic results showed the validity of these monolayered hybrid solids to be 
